M
ultiple factors have been implicated in the progression of DN. These include the action of profibrotic cytokines and reactive oxygen species and ongoing chronic inflammation. Most of the studies addressing these pathogenetic factors have focused on the analysis of a few relevant gene products. Gene expression profiling allows parallel study of thousands of genes in diseased tissue. These approaches can be seen individually as either too focused or too unsystematic for the identification of regulatory pathways involved in diseases such as DN. New bioinformatic methods now allow the analysis of data derived from unbiased whole-genome screening experiments for transcriptional elements linked to regulatory pathways. The identification of higher-order promoter structures, or promoter modules, linked to the regulation pattern of sets of genes is helping to identify specific transcriptional pathways that underlie the pathogenesis of disease. To test this "modular approach" in DN, we evaluated nuclear factor-B (NF-B)-based transcriptional pathways associated with the progression of disease.
Diabetic nephropathy is the most common single cause of renal insufficiency in the Western world. Glomerular changes, such as capillary basement membrane thickening, mesangial proliferation, and nodular glomerulosclerosis, are pathogenomic for DN (1) . Tubulointerstitial fibrosis is a predictor of progressive renal failure (2) . Traditionally, DN has been considered a nonimmune, degenerative disease. However, in 1991, Bohle et al. (3) described the presence of monocytes, macrophages, Tcells, and fibroblasts associated with the tubulointerstitial changes seen in DN. More recent reports (revs. in 4, 5) have suggested that inflammation may underlie disease progression in DN. The activation of NF-B-linked regulatory pathways generally underlies inflammatory processes, and an increase in the nuclear translocation of NF-B has been demonstrated in human DN (6, 7) .
It has become increasingly recognized that transcription factors such as NF-B generally act synergistically with other transcription factors in order to impart selectivity and specificity to a transcriptional response. Two or more transcription factors in a specific orientation, separated by a given distance, working in concert within a promoter, are referred to as a promoter module and represent a core feature of an effective transcription initiation complex.
The aim of the present study was to identify potential regulatory pathways linked to NF-B-based promoter modules that may underlie disease progression in DN. To this end, microdissected tubulointerstitial compartments from a set of biopsies with nodular glomerulosclerosis, the histopathological hallmark of DN, were subjected to genome-wide expression profiling. Unsupervised clustering of patients with DN by gene expression signatures allowed the definition of two principal subgroups of DN that correspond to patients showing mild or progressive DN, indicating specific molecular events in progressive versus early disease. The identification of specific promoter modules enriched in promoters of genes induced in progressive DN would help identify potential regulatory pathways linked to the progression of the disease and would, in theory, allow the prediction of additional genes potentially involved in the pathogenesis of DN. A schematic overview of the strategy used is provided in Fig. 1 .
RESEARCH DESIGN AND METHODS
Kidney biopsies. Human renal biopsies were collected in a multicenter study, the European Renal cDNA Bank, after informed consent was obtained, according to the guidelines of the respective local ethics committees. Random aliquots taken from tubulointerstitial compartments of diagnostic renal biopsies were processed as described (8) . All biopsies were stratified by the reference pathologist of the European Renal cDNA Bank according to histological diagnosis.
For oligonucleotide array-based gene expression profiling of DN, a total of 24 kidney biopsies from individual patients were included. Pretransplantation kidney biopsies from living donors (LDs) or cadaveric donors (CDs) were used as control renal tissue (n ϭ 7). Renal tissue from patients with proteinuria, but normal glomerular filtration rate, and lacking any tubulointerstitial alterations served as an additional control group (minimal change disease [MCD] , n ϭ 4). The tubulointerstitium of 13 biopsies with nodular glomerulosclerosis, the histopathological hallmark of DN, was evaluated using the following semiquantitative grading system: 0, no; 1, minor; 2, moderate; 3, severe; and 4, most severe chronic tubulointerstitial changes. Here, 0 indicates normal histology with no pathologic lesions; 1 indicates small focal lesions, with minimal tubular atrophy and dilatation involving Յ15% of the renal parenchyma and interstitium; 2 indicates increased tubular dilatation and atrophy, mild inflammatory cell infiltrates with slight interstitial fibrosis, affecting 16 -30% of the parenchyma and interstitium; 3 indicates increased tubular atrophy and moderate inflammatory cell infiltrate with interstitial fibrosis, involving 31-49% of parenchyma; and 4 indicates severe extensive tubulointerstitial changes and fibrosis involving Ն50% of the parenchyma and interstitium. Clinical and histological patient characteristics are given in Tables 1 and 2 . The DN cohort was subdivided into "early" (representing histology scores 0 -1) and "progressive" (scores 2-4) based on unsupervised clustering. The microarray data derived from the DN samples was found to reproducibly segregate these groups (see RESULTS).
For validation real-time RT-PCR analysis of biopsies from progressive DN patients (n ϭ 22) and control subjects (LD, n ϭ 9; CD, n ϭ 1; and MCD, n ϭ 7) were used (for clinical and histopathological characteristics, see Tables 1  and 2 ). Two (DN14 and DN15) of the 30 biopsies fulfilled the histological criteria for DN to be included in our study but revealed a discrepant clinical picture in the follow-up examination. DN14 showed a nodular glomeruloscle- 
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rosis associated with a light chain deposit disease, and DN15 showed an unclassified nodular glomerulosclerosis with mesangial matrix expansion. Both patients did not show overt diabetes in the available clinical datasets. Cluster analysis grouped DN14 in the progressive and DN15 in the early disease group. The samples were excluded from real-time RT-PCR analysis. Microdissection and RNA isolation, microarray analysis, and real-time RT-PCR studies. Biopsy processing for gene expression was performed as described (8) . For probe labeling, a modification of the Eberwein protocol was used (9) . Affymetrix microarray analysis followed the protocol of the manufacturer. A detailed description of the protocols used is given in the online appendix (available at http://diabetes.diabetesjournals.org). Microarray analysis. Image files were initially obtained through Affymetrix GeneChip software (MAS5). Subsequently, robust multichip analysis (RMA) was performed using RMAexpress. RMA is an R-based technique using the affymetrix microarray *.cel image file and is comprised of three steps: background adjustment, quartile normalization, and summarization. A background filter cutoff was defined using the highest signal value obtained from a nonhuman Affymetrix-control oligonucleotide multiplied by a factor of 1.2, corresponding in the current dataset to a log-based 2 value of 5.8. Data analysis. Starting from the normalized RMA, the Significance Analysis of Microarrays (SAM; version 1.21, http://www-stat.stanford.edu/ϳtibs/SAM/) software was applied using a false discovery rate (FDR) of 1% to identify genes that were significantly differently regulated between the analyzed groups. For visualization of the results, a hierarchical cluster was performed using dChip-software (http://www.biostat.harvard.edu/complab/dchip/). The clustering algorithm applied the "1-Pearson correlation coefficient" for the distance metric and the "centroid-linkage" method using Unsupervised Hierarchical Cluster Analysis (10) . The distribution of differentially regulated genes was attributed to functional categories using the GeneOntologyChart in DAVID (Database for Annotation, Visualization, and Integrated Discovery), version 2.0. The controlled hierarchical vocabulary of the GO Consortium provides a structured language that can be applied to the functions of genes and proteins in all organisms (http://www.geneontology.org/). Pathway analysis was performed using Ingenuity Pathway Application tools (www. ingenuity.com). The networks of regulated genes could be examined in the context of known metabolic and cell signaling cascades using "canonical pathways" that reflect previously characterized functional networks of genes. NF-B target genes and promoter module analysis. To evaluate the potential functional status of the NF-B pathway, the expression of experimentally confirmed NF-B downstream target genes were retrieved from the Rel/NF-B transcription factor database (http://people.bu.edu/gilmore/nf-kb/ target/index.html) and evaluated for expression on the DNA arrays.
A promoter module is defined as a functional unit consisting of two or more transcription factor binding sites conserved in order and distance. Experimentally verified promoter modules containing NF-B binding sites were selected from the Module Library for Vertebrate Modules (Genomatix [www.genomatix.de], Munich, Germany). The proximal promoter regions of human NF-B target genes were retrieved using the software ElDorado (Genomatix). The proximal promoter regions used were generally defined as 500 nucleotides upstream and 100 nucleotides downstream from the transcription start site. Transcription start sites were automatically assigned to genes based on 5Ј cap site databases integrated into promoter identification pro- 
RESULTS
Gene expression profiling identifies specific signatures of DN. Tubulointerstitial compartments of renal biopsies from patients with histological evidence of DN (n ϭ 13) were analyzed by genome-wide expression profiling using Affymetrix oligonucleotide arrays HGU133A. Three pretransplant biopsies from related LD kidneys, four pretransplant biopsies from CDs, and four biopsies from patients with MCD without histological or clinical evidence of impaired renal function served as initial control samples. Of the 22,283 probe sets on the Affymetrix oligonucleotide arrays, 10,183 probe sets (45.7%) were expressed above background. Using the SAM algorithm, a multiple comparison analysis of LD, CD, MCD, and early and progressive DN with an FDR of 1% detected differential regulation of 1,349 from the 10,183 expressed probe sets (see online appendix Table S1 for gene expression data of respective probe sets).
Hierarchical clustering showed three principal branches, DN, CD, and MCD/LD, with only one outlier found in the MCD/LD cluster (DN1: DN patient with the best renal function) (Fig. 2) . Inside the DN cohort, two discrete branches could be identified. One subgroup cor- Identification of a prominent inflammatory stress response in progressive DN. Analysis of the differentially regulated probe sets was performed to determine which inflammation-associated genes were regulated in DN. The GOCharts tool of DAVID was used to display the distribution of differentially expressed genes among functional categories. Of the 2,737 probe sets regulated in progressive DN, 282 were attributed to the functional category "response to stimulus," corresponding to genes involved in the inflammatory/stress response. By contrast, in early DN, 13 differentially regulated genes fell into the category of "response to stimulus." Genes of the NF-B pathway are upregulated in progressive DN. The differentially regulated stress response genes in progressive DN were then categorized into canonical pathways using the Ingenuity Pathways Knowledge Base, a structured database of biological networks. A special emphasis was placed on genes/pathways linked to the biology of NF-B, a key transcriptional regulator in inflammatory/stress response. A group of genes directly linked to the NF-B signaling pathway were evaluated for differential mRNA regulation in the DN dataset. Of the 85 known members of the NF-B signaling pathway, 23 (27%) showed significant regulation in pro- 
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gressive DN, whereas none were regulated in the early DN samples (Fig. 3) . Thus, the NF-B pathway is induced in progressive DN. A subset of known NF-B-regulated genes were upregulated in progressive DN. Activation of the NF-B pathway leads downstream to the transcriptional activation of NF-B-dependant genes. The gene expression data were then analyzed for the presence of known NF-B target genes as defined by a comprehensive master set of experimentally confirmed NF-B target genes (http:// people.bu.edu/gilmore/nf-kb/target/index.html). Of the 232 compiled NF-B target genes, 138 (59%) showed mRNA expression above background in the tubulointerstitial compartments of the kidney biopsies studied. To test the biological relevance of NF-B induction, the DN biopsies were sorted using unsupervised cluster analysis, by ex- pression of the 138 detectable NF-B target genes. This resulted in the segregation of the progressive DN biopsies from the control and mild DN samples (Fig. 4) . Of the 138 expressed NF-B-dependant mRNAs, 54 genes (39%) were found to be significantly induced in progressive DN compared with controls. Only 1 of the 138 genes was found to be upregulated in mild DN. The results are consistent with the activation of NF-B pathways in progressive DN. Involvement of specific NF-B transcription factor modules in progressive DN. As only a subgroup of NF-B target genes were found to be differentially regulated on the array, the next question was to identify whether previously characterized NF-B promoter modules linked to signal-specific gene expression were associated with the mRNA patterns seen in progressive DN. Promoter modules represent hierarchical promoter structures defined by a conserved combination, order, and spacing of specific transcription factor binding sites. These promoter structures allow the integration of signaling cascades that ultimately impart specific transcriptional regulation. The identification of a promoter module whose target genes are overrepresented in progressive DN would identify important pathways that converge at the nucleus (represented by a promoter module) that impart a selective regulation of a class of genes. A total of 51 verified NF-B promoter modules have been identified and experimentally validated (12,13) (Module Library, version 3.8; Genomatix). The proximal promoter regions of the differentially regulated NF-B genes were analyzed for the presence of these NF-B modules using the tool ModelInspector (Genomatix).
Three subgroups of genes were characterized for the presence of NF-B promoter modules. These included genes that were 1) known NF-B-regulated genes induced in progressive DN (n ϭ 54), 2) known NF-B genes not found upregulated in DN (n ϭ 84), and 3) a database of 50,145 human promoter regions (Genomatix). Groups 1 and 3 were used as control sets to identify specific promoter modules that were enriched in the promoters of NF-B target genes upregulated in progressive DN.
Of the 51 known NF-B-associated promoter modules (Genomatix), only 6 could be specifically associated with the promoter regions of the NF-B target genes upregulated in progressive DN compared with the noninduced NF-B target genes. Seventeen additional modules were detected in the promoter regions of both upregulated and noninduced NF-B target genes (Table 3) . Eleven NF-B modules were found only in the noninduced NF-B target genes.
The NFKB_IRFF_01 module was the only example significantly overrepresented in the proximal promoter regions of upregulated NF-B target genes compared with the noninduced NF-B target genes (P Ͻ 0.05). The module was identified in the promoter regions of 5 of the 54 upregulated NF-B target genes and in none of the noninduced genes. Additionally, this module was 41 times more frequent in the upregulated NF-B target genes than in the human promoter database of 50,145 (Table 3) .
The module NFKB_IRFF_01 represents a NF-B binding site on the plus and interferon regulatory factor (IRF) binding site on the minus DNA strand separated by 14 -24 bp. The module was originally identified by analysis of the HLA class I heavy-chain gene promoter (14) . Accordingly, it was detected in the list of upregulated NF-B target genes in the proximal promoter regions of HLA-A, in an additional computationally predicted alternative promoter of HLA-A and in the proximal promoter regions of HLA-B, B2M, and CD74. sufficient intensity were observed for five of the above mentioned genes: B2M, HLA-A, HLA-B, CXCL10/IP10, and VCAM1; the first three genes were already identified as indicator genes in the initial screen for relevant NF-B promoter models (B2M, HLA-A, and HLA-B) . The remaining two genes revealed significant induction in progressive DN. For additional confirmation, mRNA expression of CXCL10/IP10 was also verified in a larger cohort of DN patients using real-time RT-PCR. Comparable with the array data, CXCL10/IP10 was found to be significantly induced in the tubulointerstitium of patients with progressive DN (Fig. 5A ). For the remaining four genes (CCL5/ RANTES, EDN1, IFNB1, and NOS2A), expression levels on the array were too low for quantification. Expression of the four genes was then evaluated using a more sensitive real-time RT-PCR analysis in the larger cohort of biopsies with DN. As predicted, CCL5/RANTES, IFNB1, and EDN1 showed a significant induction of expression in progressive DN (Fig. 5B) . The further testing of one of these genes, CCL5/RANTES, showed a significantly (P ϭ 0.002) correlated mRNA expression level with proteinuria (measured in grams per day). NOS2A mRNA expression was too low for real-time mRNA quantification. The correct prediction of eight of nine genes (B2M, CCL5/RANTES, CXCL10/IP10, EDN1, HLA-A, HLA-B, IFNB1, and VCAM1) supports the functional role of the NF-KB_IRFF motif in progressive DN.
DISCUSSION
The final common pathway for progressive renal diseases such as DN is the development of tubular atrophy and chronic interstitial fibrosis, which is generally preceded by or associated with an inflammatory infiltrate. Here, increased steady-state mRNA levels of inflammatory genes are shown to be associated with interstitial fibrosis and progressive human DN. The transcription factor NF-B helps to control the expression of numerous genes activated during inflammation. NF-B is induced by various cell stress-associated stimuli including growth factors, vasoactive agents, cytokines, and oxidative stress (15) (16) (17) . NF-B in turn controls the regulation of genes encoding proteins involved in immune and inflammatory responses (i.e., cytokines, chemokines, growth factors, immune receptors, cellular ligands, and adhesion molecules). The activation and nuclear translocation of NF-B in human DN has been recently demonstrated in intrinsic cells of the kidney in human DN (6, 7) .
To define the specific NF-B-associated pathways at work in progressive DN, gene expression datasets were evaluated for NF-B-dependant target genes. The subset of NF-B-dependant genes found to be induced in DN were further evaluated for the overrepresentation of specific NF-B-containing regulatory elements or modules within the proximal promoter sequence of these regulated genes. The identification of a specific module would help identify a regulatory process involved in the progression of DN (i.e., decrease in glomerular filtration and increase in serum creatinine among others) through the selective regulation of genes involved in the pathogenesis of the disease.
Computational analyses of promoter characteristics have become feasible as a consequence of access to genome sequences and experimentally verified transcrip- tion factor binding patterns. The identification of specific frameworks of transcription factor binding sites linked to gene coregulation remains challenging, as the characteristics of such frameworks cannot be defined by sequence homology. It is now widely accepted that position weight matrices defining the specific order, spacing, distance, and orientation for transcription factors allow the best in silico characterization of promoter motifs (11, 18) . Systematic promoter module analysis of the proximal promoter regions of upregulated known NF-B-dependant genes identified a NF-B module (NFKB_IRFF_01) associated with progression of DN. This module was found overrepresented in progressive DN-associated upregulated NF-Bdependant promoters at a 45-fold higher frequency than could be expected by chance.
The NFKB_IRF_01 module was originally characterized by Johnson and Pober (14) while searching for cis-acting elements mediating the effect of tumor necrosis factor-␣ and interferon-␥. Ohmori and Hamilton (19) demonstrated the cooperative interaction between transcription factors binding to an interferon-stimulated response element, a promoter sequence found in several interferon-inducible genes, with NF-B binding at a proximal site that leads to synergistic induction of the CXCL10/IP-10 gene. Later complementary data regarding synergistic effects of IRF and NF-B were described in the induction of B2M, CCL5/RANTES (20) , EDN1 (21), IFNB1 (22) , NOS2A (23) , and VCAM1 (24) .
The computational approach was verified by evaluating mRNA expression levels of nine genes predicted to be regulated by the NFKB_IRFF_01 module based on a comprehensive search of the literature. For eight of these nine genes (CCL5/RANTES, CXCL10/IP10, EDN1, VCAM1, HLA-A, HLA-B, IFNB1, and B2M) the predicted induction in progressive DN was confirmed by analysis of the specific expression values in the array experiment or by real-time RT-PCR analysis. Only NOS2A expression was too low for a reliable mRNA expression analysis. A functional role of these predicted genes in the development of DN is supported by published data. For example, upregulation of CCL5/RANTES and NF-B activation has been reported in tubular cells in DN (6) . Furthermore, polymorphisms associated with the NF-B binding sites in the promoter for CCL5/RANTES are reported to be a risk factor for the development of DN in patients with type 2 diabetes (25) . For CXCL10/IP-10, an increased interstitial staining signal has been reported in obese diabetic Zucker rats, a model of diabetes-related nephropathy (26) . These results suggest a general role for these chemokines in the inflammatory tubulointerstitial infiltrate of progressive DN. Soluble vascular adhesion model-1 has been reported to be correlated with the degree of microvascular complications in diabetes (27) and interstitial inflammation in DN (28) . Finally, upregulation of HLA-A and -B and of ␤2-microglobulin is consistent with an inflammatory state and increased cell turnover in kidneys with progressive DN. Consistent with the potential involvement of an IRF/NF-B module in DN, we found that these genes were only induced in the progressive DN group out of a cohort of 54 patients (i.e., all patients analyzed by microarray and real-time RT-PCR without repetitive analysis of the same patient).
Inflammation underlies the progression of many chronic disease processes. The role of inflammation in the progression of DN can be implied from the studies described above. The importance of the inflammatory component has been further substantiated in intervention studies, demonstrating an amelioration of diabetic tissue damage by anti-inflammatory drugs such as mycophenolate mofetil or low-dose methotrexate (29, 30) . A reduction in NF-B activation and subsequent reduction in macrophage and T-cell infiltration may help explain the observed benefit. As general immunosuppressive interventions may not be a long-term therapeutic option in DN, the identification of the underlying inflammatory pathways responsible for a diabetes-specific inflammatory response in DN may allow development of a more selective immunomodulation intervention in the future.
In conclusion, a modular systems biology approach to human DN enabled the identification of a prominent inflammatory signature in progressive DN, paralleled by a differential regulation of the NF-B pathway. Computational promoter analysis allowed the characterization of a specific promoter module effectively predicting the mRNA regulation of NFKB_IRFF_01-dependant genes in DN. Integrating gene expression profiling with promoter modeling defined a central role of inflammation, including chemokines, as mediators and potential therapeutic targets in human DN. Systematic promoter module analysis on gene expression data revealed specific transcriptional regulatory mechanisms associated with tubulointerstitial inflammation in DN. These data argue for a pivotal and still underestimated role of inflammatory processes in the development and progression in renal disease as DN and for a central role of the NF-B/IRF "master switch."
